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(54) Glass-ceramic composite electrolyte and lithium secondary cell 

(57) There is provided a glass-ceramic composite 
electrolyte including a medium- containing glass- 
ceramic powder impregnated with a non-aqueous elec- 
trolytic solution. There is also provided a lithium second- 
ary cell having a positive electrode, a negative electrode 
and a separator in which the separator includes the 
above described composite electrolyte. The glass- 
ceramic powder consists of grains having an average 
grain diameter of 20fim or below (calculated on the 
basis of volume), a maximum grain diameter of 44|.im or 
below and lithium ion conductivity of 1 x lO'^S • cm*^ or 
over. The glass-ceramic composite electrolyte has 
thickness of 1 0Oum or below and lithium ion conductiv- 
ity of 1 x 10'^S • cm*^ or over. 
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S. A ZZT^ an e,ec.o..e an e,ec- 

fonal electrolytic solution has recently drawn atten^n o the indu^T^ ? J '^^""^^ '""'^^^ °' 

Polyr^er electrolyte. electroVtic solution is f^el^T. ^^l^VT^^^^^ ^^'^""^^'^ "^"9 the 

-s advantageous in that leakage of electrolytic soiutL Ts we fS cor^otion' ' ^^^^ °' secondary cell 

Of the cell is Simple and assembling of the cell is easy ^® Prevented and. moreover, the structure' 

rn^Lde1L~iS - electrolytic solution, e.orts have 

causes reduction in mechanical strength oTTe poClTeielTZT ^ ^ "^^^ °' "^'^"^"^ "'^^^^^'y^e. however, 
be damaged in the process of producfon merLy caus no shlr^^ " . r'"" Po'ymer efectrolyte tends to 

trode. ^ °" "^'^''y =^"='"9 short-circuifng of a positive electrode with a negative elec- 

i^u: z::'::7XZ7:"i:::i,^:^ r:' 

are signifami, a„e„«M oha wd,sol,.rg,„a cya. cl,=«certaies in a,e lithium s«:"naa^ 

of me sIMrjlyte is reduced oondgolvity a„a Ms sWficienl mecnanici sttengm it tnickness 

Sl^e i'm^r^rr^St nl^a".^^^^^^^^^^^ =-P-"9 a separator made of an 

Charging characteristics and a long. Sable cell life • ^ ^'^^ '^^P^'^'^y- '"^Proved charging-dis- 

K.to trp^tTvtrn-l^^^^^^^^^^ resumed in the finding, which 

glass-ceramic powder of a specific composition andTnon aa^^^^^^^^^ corripnsmg a polymer medium in which 

higher l^ium ion conductivity than the prior a ' corposlte ^Si^^^^^^^^^^ '"''^^^'^ ' ^^--^^-"^ 

exhibit lithium ion conductivity. It has also been found that bvtSC^J^ rh. ^"'"^- ^" ^"'^^ 
.urn secondary cell, the cell capacity can be increased and^L ^E^ !• electrolyte thus obtained to a lith- 

improved as compared to a caTe where the prio^art cor^posite ^^'^ characteristics can be remarkably 

Leiumc'^rgX'eTn;;^^^^^^^^^ 

[001 0] According to the lnvention the co^^^^r 1 non-aqueous electrolytic solution, 
der in the lithium ion'condu<5" e e'V^^^^^^^^ the lithium ion conductive glas3^e.amic pow- 

reduced while the mechanical strength of the el^ro ^ siror 7 =°l'"=t'^^ the electrolyte is not substanSalV 
teristic, Of a IHHium secondary cell ulgth^^ 

indthU,ec"ro^i^::.ir^^^ 

ing-discharging characteristics of a Hthil LcondaTceJ due to^^^^^^^^ -<^-tion in the charg- 

and an electrolyte as In the prior art composHe e^eZ^lZ beZvente, " '"^"'^ " 

Lofkm;r^^ioX;rt:zt 

conductivity of 1 x 1 0 ^s • cm" ' or over "lax.mum gram diameter of 44um or below and lithium ion 

Sic polr."'" '''^ ^-^^ --P^- a Sheet-like polymer materia, containing giass- 

rc^nduJi^vi^^n :;To'sT • ^ ^^^^-^ ^ or be,ow and lithium 

Sr. '""°*^^^^^^^°^^^^'"^.-«°"-^'^-«<^'--tainslO%to.Oo.lnwei^^^ 

tOOia, in another aspect of the inven«on. there is provided a l^ium secondao. eel, having a positive electrode a 
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negative electrode and a separator wherein said separator comprises the above described composite electrolyte of the 
invention. 

[0017] The invention will be described more in detail with reference to the accompanying drawings. 

5 Brief Description of the Drawings 

[001 8] . In the accompanying drawings, 

Fig. 1 is a sectional view showing a lithium secondary cell including a glass-ceramic composite electrolyte of Exam- 
10 pie 2 of the invention; 

Fig, 2 is a graph showing change in discharging capacity in charging and discharging cycles of lithium secondary 
cells including composite electrolytes of Example 2 and Comparative Example 2; 

Fig. 3 is a graph showing change in discharging capacity in charging and discharging cycles of lithium secondary 
cells Including composite electrolytes of Example 3 and Comparative Example 3; 
/5 Fig. 4 is a graph showing initial discharging capacity relative to temperature conditions of lithium secondary cells 

including composite electrolytes of Example 4 and Comparative Example 4; and 

Fig. 5 is a graph showing initial discharging capacity relative to temperature conditions of lithium secondary cells 
Including composite electrolytes of Example 5 and Comparative Example 5. 

20 [001 9] In a case where the composite electrolyte of the invention is used for a cell, the thinner is the composite elec- 
trolyte, the broader area of electrodes per unit volume the cell can secure with resulting higher capacity of the cell. For 
this reason, it is preferable for the composite electrolyte of the invention to have a sheet-like configuration having a thick- 
ness of 100M.m or below. It is also preferable for lithium ion conductivity and mechanical strength of the composite elec- 
trolyte of the invention that the glass-ceramic powder is dispersed uniformly in the medium. For obtaining excellent 

25 dispersion of the glass-ceramic powder, it has been found that the glass-ceramic powder should preferably have an 
average grain diameter of 20\xm or below and, more preferably, 10pim or betow. It has also been found that maximum 
grain diameter should preferably be 44^m or below. 

[0020] Movability of lithium ion during charging and discharging in a lithium secondary cell depends upon lithium 
ion conductivity of the electrolyte used in the cell. A high lithium ion conductivity of the composite electrolyte of the 
30 invention therefore is preferable. More specifically, it has been found that lithium ion conductivity should preferably be 1 
X • cm'^ or over and, more preferably, 1 x lO'^^S • cm"^ or over 

[0021 ] Ion conductivity of a solid electrolyte in the state of gel is generally lower than ion conductivity of an electro- 
lytic solution. In a case where an inorganic oxide of a low ion conductivity is added to a solid electrolyte in the state of 
gel for increasing mechanical strength, the ion conductivity of the electrolyte is generally further reduced. It has been 

35 found that by employing lithium ion conductive glass-ceramic powder as an adder, reduction in lithium ion conductivity 
of the electrolyte can be prevented and a composite electrolyte having high lithium ion conductivity and sufficient 
mechanical strength can be provided. In the composite electrolyte of the invention, the glass-ceramic powder as the 
adder should preferably consist of glass-ceramic grains having higher lithium ion conduaivity than lithium ion conduc- 
tivity of the composite electrolyte. More specifically, thelithium ion conductivity of glass-ceramic grains constituting the 

40 glass-ceramic powder should preferably be 1 x 10"*S • cm*'' and. more preferably 1 x • cm'"'. 

[0022] As the medium for the composite electrolyte of the invention, a sheet-like polymer material containing glass- 
ceramic powder is preferable because, in case the composite electrolyte comprising this medium is used for a. second- 
ary cell, a cell can have a large cell capacity per volume and. the composite electrolyte has sufficient flexibility for form- 
ing it to various shapes. As the medium for the composite -electrolyte of the invention, a porous material having fine 

45 pores is preferable so that the medium can impregnate a non-aqueous electrolytic solution and thereby become a gel. 
[0023] As the sheet-like polymer material for the composite electrolyte of the invention, useful polymer materials 
include, but not limited to, polyolefins such as polyethylene, and polypropylene, fluorine-contained resins such as poly- 
tetrafluoroethylene, polychlorofluoroethylene and polyvinylidene fluoride, poiyamides, polyesters and polyacrylates. A 
material for the medium is required to have the properties that it can be stably impregnated with an electrolytic solution, 

50 it has good processability, it has sufficient flexibility, it has good compatibility with glass -ceramics and has a high ion 
conductivity. Ruorlne-contained resins are particulariy preferable as a material having these properties in a well-bal- 
anced state. 

[0024] As a solute constituting a non-aqueous electrolytic solution of the composite electrolyte of the invention, 
useful materials include, for example, lithium compounds such as hexafluorolithium phosphate (LiPFg), tetrafluorolith- 
55 ium borate (UBF4), lithium perchlorate (LiCI04), hexafluorolithium arsenate (LiAsFg), trifluoromethane lithium sulfonate 
(LiCF3S03LiCI04) and trifluoromethane imide lithium sulfonate (UN(CF3S02)2)- 

[0025] As a solvent for the above described solute, useful materials include, for example, organic solvents such as 
ethylene carbonate, propylene carbonate, butylene carbonate, dimethyl carbonate, diethyl carbonate, y -butyrolactone, 
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can impregnate the non-aqueous electrolvSc solutionlo ! If ^ T^ '" ^'^'^ °' =°"^P°site electrolyte 

tivlty thereby can be realized. By emSg he above deSd " ' '"""""^ ""^ ^^^^^ 

trolyte of the Invention can be maintained fn the st^te of ge, ^'^'^^^'^^''^ ^^^^ composite elec- 

Sthe^ni^urr^hrgi^mr^^^^^^ 

not improved and mechanrca. strengtrof'trcJ^'^earLM^ °' ^ 

glass-ceramic powder is added the amoun^Tth^ ^rrrnS^ T ^" ^'"'^""t the 

between the composite electrolyte i e cllm f " '^''"''^ '° '^^^ ^"<^- tl^e^^to^e, contact 

result that contact between .Im bec^^^^^^ -"^-^ between so.lds' with the 

composite electrolyte and glass-ceramic Towder mTrebv « rT^^^^^^^^^ ''^ ^'^^"''^^^ 

the lithium ion conductive gLs-ceramic pow^r n ml mLI/^ k '"^^^ ^"^"""t 

e-^bly. 20 v^lght percent whereas ^ up'pert^rof amo^t o"t e'l^ ^ ' ''""^"^ '""^^ P^^" 

weight percent and, more preferably, 80 weight plint Qlass-cemmK: powder should preferably be 90 

vO,3 (0 . X . 1. 0 . y . t). This glass-^er^m^powdeTcarb^^^ crystal phase. Li,.. .^.,Ti3.,SVP, 

sition of Li20-Al203.-n02-Si02-P,05 to produce a d^ss ca^lt^Snf ^ ""^ ^ '^^^'"9 a compo- 

LI,.. .^I.Ti,.sVo,0, and mireafter c ushing ?S Po^^^^^ Predominant crystal phase, a crystal 

phase of Li,_yAI,Ti3.,Si,P3,o,2 are 0 s x ^ 1 oVVl ,7nH '^'^'^'^f* Parameters of the predominant crystal 
composition ran^ o^f -.^^^'^ blVg/ass^ ^xJ^Urn r^rSl^l-^a^"-^' ° ^ ^ ^ "^^^^^'^ 
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— 18% 


AI2O3 


5- 


-10% 


TiOg 


35 


— 45% 


Si02 


1 - 


-10% 


P2O5 


30 


— 40% 



Se thelrgL^rea^aTbeslS ^^3^0" o^a^^ dT S "^"^ ^'^ ''^ » 

lithium ion conductivity glass-ceramic obtained by heat treating this base glass exhibits high 

wh^LmpTe:::;^^^^^^ ^ -^..0 ele^rode and a separator 

tion. the positive electrode can be mTdToTa maS ^ldino t ^^o"«^ary cell of the inven- 

which can store and discharge lithium For exXl^a^rt^^^^^^^^ ^IT'T"' " 

ganese. cobalt, nickel, vanadium niobium r^oXl^T^^Z T. ^ ^^tal such as man- 

trode. A positive electrode conta ^nq^l'tSurSr^^^^ 

electromotive fo«:e and exceNenCrcir;^^ ^ " '"9^'^'^"* ^ P-'^-'X^ "saving a high 

ss^derc-rrmis^^^^ 

50 Examp le*^ 

the composite electrolyte and the Sm seco da^c^ ateo described for making it dear that 

55 rior to these comparative examples It should be nor^H ^ the composite electrolyte of the invention are supe- 

mod.lcations can'be made w«hS the s^Snd L^^^^^^^^ '!:::ZT '° ""''^ '''''''''' 
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Example 1 

Preparation of lithium ion conductive glass-ceramic powder 

5 [0032] As raw materials. NH4H2PO4, AI(P03)3, Li2C03, Si02 and TIO2 were used. These raw materials were 
weighed so that a composition of 35.0% P2O5, 7.5% AI2O3, 1 5.0% Li20, 38.0% Ti02 and 4.5% Si02 would be obtained 
and mixed uniformly. The mixed materials were put in a platinum pot and melted in an electric furnace at 1500*^0 for two 
hours while the glass melt was stirred continuously. Then, the glass melt was cast directly into water to produce base 
glass. This base was heat treated at 950*'C for twelve hours for producing the target glass-ceramic. It was confimned by 

10 the powder X-ray diffraction method that this glass-ceramic contained as its predominant crystal phase LiT^.x^.yA!xTi2, 
xSiyP3.yO-|2 (0 s X ^ 0.4, 0 s y ^ 0.6). Lithium ion conductivity of this glass-ceramic was 1 .4 x 10'^S • cm'^ at room 
temperature (aS'C). This glass-ceramic was crushed by a ball mill and grains of the crushed glass-ceramic were clas- 
sified. Lithium ion conductive glass-ceramic powder having an average grain diameter of 7|xm was thus obtained. 

IS Preparation of the medium 

[0033] Powders of polyvinylidene fluoride (PVdF), hexafluoropropylene (HFP) and the lithium ion conductive glass- 
ceramic obtained in the above diescribed manner in the weight ratio of 35:40:25 were added to acetone in the amount 
of 20 weight percent to prepare an acetone suspension. This suspension was formed to a film by casting and thereafter 
20 was dried in vacuum. A sheet-like glass-ceramic composite medium having thickness of SOjtim was obtained. 

Preparation of non-aqueous electrolytic solution 

[0034] In a solvent of ethylene carbonate (EC) and dimethyl carbonate (DMC) mixed together in the weight ratio of 
25 50:50, hexafluorolithium phosphate (LiPFe) was resolved in the concentration of 1 mol/L to produce a non-aqueous 
electrolytic solution. 

Preparation of composite electrolyte 

30 [0035] The above described composite electrolyte was impregnated with the above described non-aqueous elec- 
trolytic solution for ten minutes and a sheet-like composite electrolyte in the state of gel was obtained. 

Measurement of ion conductivity 

35 [0036] A specimen for measuring lithium ion conductivity was prepared by holding the composite electrolyte with a 
couple of stainless sheets which served as electrodes. Impedance at room temperature was measured and iqn conduc- 
tivity was calculated on the basis of measured impedance. The ion conductivity thus measured was 3.1 x 1 0 '^S • cm ^ 

Comparative Example 1 

[0037] A sheet-like composite electrolyte was prepared in the same manner as in Example 1 excepting that sur- 
face-modified fumed silica (SiOg) of the same amount was used instead of the lithium ion conductive glass-ceramic. Ion 
conductivity was measured in the same manner. The measured ion conductivity was 1.7 x 10"^S • cm*^ 
[0038] Comparing Example 1 with Comparative Example 1 , it was found that the ion conductivity of the composite 
45 electrolyte film of Example 1 had ion conductivity which was nearly twice as high as that of Comparative Example 1. 
This is because Example 1 contains the ion conductive glass-ceramic. 

Example 2 

50 [0039] A lithium secondary cell having a positive electrode, a negative electrode and a separator made of the glass- 
ceramic composite electrolyte was prepared. 

Preparation of positive electrode " 

55 [0040] For preparing the positive electrode, commercially available lithium cobaltite (LjCo02) was used as a mate- 
rial of the positive electrode, acetylene black was used as an electric conductor and fluorine-contained resin polyvinyli- 
dene fluoride (PVdF) was used as a binder. Lithium cobaltite, acetylene black and polyvinylidene fluoride in the weight 
ratio of 82:10:8 were mixed by using acetone. Then, by casting, this mixture was coated on an aluminum foil having 
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thickness of 1 0um. The mixture was then dried at i oo^r tk. .o' k . ... 

1 00^ was provided on the positive el J^de foZor \2ZlT^^^ '^'"''^'^ ^^^"9 ^'^^^^^ °' abo^t 

Preparation of negatix/P Pio^tr^^p 

Preparati on of medium 



[0042] A sheet-like glass-ceramic composite electrolyte 



Preparation of nnn--:^rii ,eous eiectroly tir- ..^iMti^n 
[0043] A non-aqueous electrolytic solution was prepared in the 
^ Assembling of the iithinm c ocondary r-^n 



e was prepared in the same manner as in Example i . 



same manner as in Example 1 . 



25 



30 



35 



layer structure having the positive electrode SSor pSJrrctro^^^^^^^^^^^^ ' ro.lerlaminator. Thus, a five- 

electrode and negative electrode collector was assembiprt Thl r , S'^^^-^^^^^'C composite medium, negative 
non-apueous electrolytic solution for S° ^Zl7Too^J^^^^^^ ^^''^ ^^^^^ 

impregnated with the non-aqueous electrZrsolu ion an^SL? ' w 3'ass-ceramic compose medium 

secondary cell having this composite electXe a^trsToarl^^^^^^^^^ h"'' ' ^ ^'^^'-"^ 

trolytic solution impregnated wi about 60% o^the v^^^f Se L^^^^^ °' non-apueous elec- 

ondary cell is shown in Rg. 1. m the Irthium seco^dS; clirof "rr^^^^^^^^^^ 

electrode collector. 2 the positive electrode, 3 the glass ceSmt JLL T , ^ designates the positive 

the negative electrode collector. Six layers of tl^fe li?irrsrn71 ^'^^ ^'^^°de and 5 

nated to assemble a lithium secondary' cell of a 4^0 '^rcT^s f^^^^^^^ ^f" ^ ' 'a^^" 

on this lithium secondary cell under a constant currenTat rolm^.mn ? ^ and discharging cycle test was conducted 
the cell was measured under conditions Xnl>"Sgl7,Tulr^^^^ 'T'''''- ^'-'^-9-9 -P^cfty of 

Charging speed of lOmW. The energy capac^ of fhl^^STe'cola^'cIrJ^^^ 'I^T^''"' 
Comparati ve Examp iP o 

[0045] S'^^iJ'taneously with preparation of the m*»rii..rr, o h+k- 

as in example 2 excepting^hat s'urfL ^odi^d ^u^^^^^^^ P-Pared in the same manner 
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Table 1 





Discharging capacity 




(mAh/cm^) 




Initial 


300-th cycle 


Example 2 


7.4 


6.4 


Comparative Example 2 


5.8 


5.2 



[0047] As will be apparent from Table 1 the cell of Pvamr^i^ ok. 
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which is close to the theoretical cell capacity. Thus, it is understood that the ceil of Example 2 has an excellent cell prop- 
erty. 

[0048] Change in the charging and discharging capacities with the charging and discharging cycle of the cells of 
Example 2 and Comparative Example 2 is shown in Fig. 2. 
5 [0049] From Fig. 2, it will be apparent that the discharging capacity of Example 2 is much larger than that of Com- 
parative Example 2 both in the initial stage and at the 300-th cycle. Thus, by incorporating the lithium ion conductive 
glass-ceramic as the electrolyte, a lithium secondary cell of a high capacity can be realized. 

Example 3 
10 ' 

[0050] A lithium secondary cell having the same composite electrolyte as In" Example 2 was assembled and the 
charging and discharging cycle test was conducted at room temperature (25**C) under the same conditions of final volt- 
age in charging of 4.2V, final voltage in discharging of 3.0V but at a quick charging speed which is three times as high 
as the charging speed in Example 2. 

15 

Comparative Example 3 

[0051] A lithium secondary cell was assembled in the same manner as in Comparative Example 2 and the charging 
and discharging cycle test was conducted at room temperature (25°C) under the same conditions of final voltage in 
20 charging of 4.2V, final voltage in discharging of 3.0V but at a quick charging speed which is three times as high as the 
charging speed in Example 2. 

[0052] Results of measurement of the initial discharging capacities and discharging capacities at the 300-th cycle 
of the cells of Example 3 and Comparative Example 3 are shown in the- following Table 2: 

25 

Table 2 





Discharging capacity 




(mAh/cm^), 




Initial 


300-th cycle 


Example 3 


7.1 


5.9 


Comparative Example 2 


5.4 


4.6 



35 [0053] As will be apparent from Table 2, the cell of Example 3 has a larger discharging capacity than Comparative 

Example 3 and has an excellent cell property even in the quick charging. 

[0054] Change in the charging and discharging capacities with the charging and discharging cycle of the cells of 
Example 3 and Comparative Example 3 is shown in Fig. 3. 

[0055] From Fig. 3, it will be apparent that the discharging capacity of Example 3 is much larger than that of Com- 
40 parative Example 3 both in the initial stage and at the 300-th cycle. 

Example 4 

[0056] A lithium secondary cell having the composite electrolyte as in Example 2 was assembled and the charging 
45 and discharging cycle test was conducted at the same condition of final voltage in charging of 4.2V and final voltage in 
discharging of 3.0V but with the operation temperature changing. The tests were conducted at —1 0**C, O^'C, 25°C, 50°C 
and 75°C. 

Conhparative Example 4 

50 

[0057] A lithium secondary cell was assembled in the same manner as in Comparative Example 2 and the charging 
and discharging cycle test was conducted at the same condition of final voltage in charging of 4.2V and final voltage in 
discharging of 3.0V but with the operation temperature changing. The tests were conducted at — lO^C, 0*C, 25''C, SO^'C 
and 75°C. 

55 [0058] Change in the initial discharging capacities relative to the respective operation temperatures of the cells of 

Example 4 and Comparative Example 4 is shown in Fig. 4. 

[0059] It will be apparent from Fig. 4 that the cell of Example 4 maintains a large discharging capacity over a broad 
operation temperature range from — 1 0^'C to 75''C and has an excellent cell property as compared with Example 4. 
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Example 5 
[0060] 



«„o„c powder mixed a. the weight r,tio J^iSTJZT ' ^ ~rauctiv, glass- 

(HFP, Which w„ tiseo as a pias.cze, ang forad » ^ ,h^eSTa»r"°'°" """^ ""^o Wehe 

Comparati ve Exam ple r 

Example 4 which used hexafluoropropylene. Change in he initlal^Jc.h " ^ ^ °' ^""^""^'^ ^ ^""^ Comparative 

CompLive BXl'aTorj^itSr^^^^ 30. o. e-eo^c soMion o. the ce,. o. 
w.se contains only about 30% of electrolytic^oltion thSd f TT^' <=^" °' Example 5 which like- 
equivalent to or even more of the dischar^ngt^cL ^e ceL,^^^^^^^ discharging capacity which is almost 
Of Example 5 is attributable to supenorityVthT^^Srbn conZ^^^ ^''^'^^'^ ' -P-*crity of the cell 
trolyte. In other words, even in a case where the ra ro the eSS^i.' ^'^^^^''^ 
m the lithium secondary cell is reduced, a cell hav^alfftemrS """''^ component 
resurt. a lithium secondary cell which is improved in'sJf:; cTn^t p^o Jed ^= ^ 
Claims 

n^nJ^uror^e^r.^^^^^^^^^ ^ — --'"^"9 9.ass<eramic powder imp^gnated with a 



aver- 
or 



Below and lithium Ion conductivily of I x to 'S • Sm ' or »er ™xim«m grain diameter of 44^ 

" coSg^^r *r "^'^ ' " ' — > -eet* po^mer m.fer.i 
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